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I. INTRODUCTION
Over the past decades, the demand for phased array antennas (PAAs) has been growing rapidly with active research on them [1, 2] . The PAA is widely used for high gain beam-forming and -scanning in telecommunication [3] , microwave imaging [4, 5] , and radar applications [6] . Typical radiating elements of the PAA are the dipole, microstrip patch, and Vivaldi antenna. Among these, the Vivaldi antenna, also known as the flared notch or tapered slot antenna, is a traveling-wave type antenna of which the bandwidth is usually wider compared with the dipole and microstrip patch antennas, which are usually classified as resonant antennas supporting standing waves. There are three main types of Vivaldi antennas: the coplanar Vivaldi antenna (CVA), the antipodal Vivaldi antenna (AVA), and the balanced antipodal Vivaldi antenna (BAVA) [7] . When comparing these antennas' characteristics, the CVA has a higher gain and directivity than the others. In addition, it offers the best side lobe level performance and relatively wide bandwidth [7] . When designing the PAA radiating elements, considerations should be given to issues such as the grating lobe, field of view (FOV), active S-parameters, and scan blindness [8] . The key factor involved in these issues is the mutual coupling among the radiating elements. This occurs dominantly between the adjacent radiating elements due to the surface wave flowing through the ground plane [9] . This not only degrades the isolation characteristics, but also causes deterioration of the various previously mentioned PAA characteristics.
A simple way to improve isolation may be to increase the physical distance between the radiating elements. However, if 
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the distance is greater than half the free-space wavelength, a large grating lobe occurs in the backward direction when the main beam peak is scanned to near the forward endfire direction. Therefore, to enhance the isolation, while keeping the separation of the elements less than half the wavelength, various methods have been studied. Defected ground structure (DGS) [10, 11] and electromagnetic band gap (EBG) structures [12, 13] are some examples of them. The other metasurfaces [14] , the RF fence [15] , and some parasitic elements [8, 16] have also been studied and employed. In these methods, the mentioned structures are placed between the adjacent radiating elements to enhance the isolation. Although the enhancement of the isolation between the two neighboring radiation elements is important for PAA designs, it has been found that it does not always guarantee the required performances concerning the grating lobe, FOV, active S-parameters, and scan blindness.
In this paper, we present the method of designing a Vivaldi type PAA at 3 GHz with high isolation, wide FOV, good active S-parameter (or impedance) characteristics by employing a broadside coupled split ring resonator (BC-SRR) [17] . The ring resonator with a chip capacitor on it, the SRR using the side gap capacitance, and the BC-SRR using the capacitance between two layered planar rings have the stopband LC characteristic [18] . Since the two-layer Vivaldi is used for this work, the BC-SRR is the best candidate and is placed between the neighboring radiation elements. We design, fabricate, and measure a 1 × 8 CVA to validate the effects of the use of the BC-SRR in terms of the high isolation, wide scan angle, and active impedance. The full wave simulation results are compared with the measured ones with useful discussions.
II. DESIGN OF THE SINGLE RADIATING ELEMENT
First, we design a two-layer Vivaldi antenna at S-band (2.8-3.3 GHz, 16%) as a basic radiating element of a 1 × 8 PAA. The substrate is the Taconic TLY of which relative permittivity is 2.2.
A two-layer tapered slot (or Vivaldi) antenna element is shown in Fig. 1(a) , in which a strip feed line is placed in the middle between the two metal planes. The double layered substrate thickness t is 3 mm. Fig. 1(b) shows a front view and side view of the designed antenna. The two metal planes have an exponentially tapered slot. The exponentially tapered slot acts as an impedance transformation network for a match between free space (377 Ω) and the slotline (50 Ω) [19, 20] . The tapered slotline dominantly supports a traveling wave. The stripline to slotline transition is obtained by optimizing C 1 , C 2 , and θ in Fig.  1(b) . In Table 1 , the optimized dimensions of the structure for the required 10 dB return loss bandwidth are summarized. Fig. 2 is the EM-simulated reflection coefficient and total gain. As shown in Fig. 3 , the bandwidth of -10 dB reflection coefficient is 2.58-3.7 GHz (37%) and the antenna gain is 4.5 dBi.
The isolation between two radiating elements spaced 0.5 0 is roughly only 15 dB. In this work, we will demonstrate the promising effects of BC-SRRs in the PAA designs.
III. DESIGN OF ARRAY ANTENNAS WITH BROADSIDE COUPLED SPLIT RING RESONATORS

Broadside Coupled Split Ring Resonator
The BC-SRR consists of two open conducting rings which are etched at both sides of a dielectric substrate and with the gaps in opposite positions [17] . The BC-SRR using the capacitance between two layered conducting rings has the stopband LC characteristic. Fig. 3(a) and (b) show the structures of a designed circular and square BC-SRR, respectively. They are made of copper and designed at 3 GHz. In Table 2 , the dimensions of the designed BC-SRR are summarized.
For more details determining the structure dimensions refer to [17, 18] . Fig. 4 shows the simulated S-parameters of type 1 and 2 BC-SRRs in the set-up shown in Fig. 3(c) . The S 21 transmission coefficients for both are -30 dB at 3.0 GHz. These results demonstrate that the stopband characteristic is well implemented in the structures at the target frequency.
1 × 2 Phased Array Antenna
Based on the above results, we try to apply the BC-SRRs between the elements of a 1 × 2 Vivaldi type array antenna to enhance isolation. The type 1 and 2 resonators are placed with different numbers and shapes as shown in Table 3 . The isolation is enhanced by about 3 dB with type 4. This improvement will be shown to be more obvious with more array elements in Section III -3.
Design of 1 × 8 Phased Array Antenna
We designed and analyzed the 1 × 8 array antennas extended from the 1 × 2 array antennas. Fig. 7 In Fig. 8 , the EM-simulated S 44 and S 54 of the antennas in The bandwidth based on a -10 dB reflection coefficient (S 44 ) is 2.5-3.6 GHz. We can see that it covers the target frequency band (2.8-3.3 GHz) with enough of a margin. The mutual couplings (S 54 ) at 3 GHz when using type 3 and 4 resonators are shown to be about -23 dB, which is a 6 dB enhancement compared with the basic 1 × 8 array antenna. Fig. 9 shows the EM-simulated active S 44 (all ports from 1 to 8 excited) and total gains according to the scan angle θ 0 for different antenna types.
For a beam peak at θ = θ 0 , the progressive excitation phase  is given by Table 3 . Optimized antenna length L (Fig. 5) and gains of different 1 × 2 array antennas (at 3.0 GHz) 
where  0 is the propagation constant given by  0 and the d is 0.5 0.
The bandwidths based on a -10 dB active reflection coefficient (active S 44 ) of the antennas with type 3 (with circular BC-SRR, N = 3) and type 4 (with rectangular BC-SRR, N = 1) are shown to cover the target frequency band (2.8-3.3 GHz) up to θ 0 = 50°. The actual scan range of θ 0 is from -53° to +53° based on the -10 dB active reflection coefficient. When θ 0 = 60°, the active S 44 's are shown not to satisfy -10 dB at the target frequency. It is about -8 dB at 3 GHz. The radiation patterns depending on the scan angles do not change. The realized scan angles of θ 0 are shown to agree well with the targeted ones. While the total gains are similar for different antenna types, the active S 44 's for the antennas with type 3 and 4 resonators are significantly lowered, especially for large scan angles. The radiation efficiencies decrease as θ 0 increases. In Table  4 , these results are summarized in detail.
According to Table 4 , the overall performances of the type 3 and type 4 antennas may look similar. However, the structure of the type 4 antenna is simpler with only one rectangular BC-SRR. In Fig. 10 , the fabricated antenna and set-up for measurements are shown. Fig. 10(a) shows the fabricated basic single element, basic 1 × 8 array antenna and the proposed 1 × 8 array antenna (with rectangular SRR, N = 1, type 4). Fig. 10(b) and (c) show the set-ups to measure the reflection coefficients and radiation patterns, respectively. Fig. 11 shows the EM-simulated reflection coefficients and total gains compared with measurements for the single element.
The measured reflection coefficient has shifted to the left about 200 MHz from the simulated one, but the curve shapes are shown to reasonably agree. The EM-simulated gain at broadside is about 4.4 dBi, and the measured one is roughly 3.4 dBi. dBi, lower than the simulated by 1 dB. The shifted frequencies were due to the hole made for the connection between the strip feedline and SMA connector, as seen in Fig. 10(a) .
V. CONCLUSION
A 1 × 8 array antenna with BC-SRRs has been designed, fabricated, and measured. The total gains are maintained around 13 dBi, and the isolation is improved by about 6 dB with the BC-SRRs when compared with the basic 1 × 8 array antenna without them. The FOV is ±53° based on a -10 dB active reflection coefficient. The operation of the scan angle within 60° is possible with a little larger reflection coefficient of about -8 dB. The proposed design with BC-SRRs is expected to be useful for PAA applications.
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